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Can the hint of δCP from T2K also indicate the
hierarchy and octant ?
Monojit Ghosh, Srubabati Goswami and Sushant K. Raut
Abstract The T2K neutrino data has already given a hint for the best-fit value of
the leptonic CP phase δCP as −90◦. In this paper we ask the question that if this
hint is confirmed by the subsequent neutrino and anti-neutrino runs of T2K, then
can it also give any information about the other two remaining unknown oscillation
parameters - the neutrino mass hierarchy and octant of θ23. We find that if T2K
runs in only neutrino mode with its full targeted exposure, then δCP = −90◦ would
indicate the true hierarchy as normal and the true octant as higher. On the other hand
if T2K runs in equal neutrino and anti-neutrino mode then the true hierarchy can be
confirmed as normal but the octant will remain undetermined. We have also studied
the effect of anti-neutrino runs on CP sensitivity of T2K.
1 Introduction
At present neutrino oscillation physics stands at a very interesting juncture. Among
the six oscillation parameters that describe neutrino oscillation, experiments have
measured the values of the three mixing angles (i.e., θ12,θ13 and θ23), and the two
mass squared differences (i.e., ∆21 = m22 −m21 and |∆31| = |m23−m21|) with consid-
erable precision. The remaining unknowns in this sector are : (i) the neutrino mass
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hierarchy (i.e normal or NH: m3 > m1 or inverted or IH: m3 < m1), (ii) the octant of
θ23 (lower or LO: θ23 < 45◦ or higher or HO: θ23 < 45◦) and (iii) the exact value of
δCP [1]. Recently there is a hint of δCP = −90◦ driven mainly by the combination
of T2K and reactor data [2]. This hint comes from the T2K running in the neutrino
mode with 8% of the total exposure (7.8 × 1021 protons on target viz. POT) [2]. In
this article, we consider the possibility of determining neutrino mass hierarchy and
octant of θ23 in future runs of T2K. We assume that the T2K hint of δCP = −90◦
will be established by further neutrino and anti-neutrino runs. In that case we ar-
gue that if T2K completes its run in pure neutrino mode then the data would also
suggest the true hierarchy as NH and true octant as HO. This is because for the
other combinations of hierarchy and octant, the true value of δCP = −90◦ can also
be mimicked by other wrong values of δCP. Therefore a clear hint of δCP = −90◦
would not be possible. On the other hand if T2K completes its run in 50% neutrino
and 50% anti-neutrino mode then the true hierarchy will be NH and no conclusion
can be drawn about octant as in this case both LO and HO can give a clear hint
of δCP = −90◦. In this context we also study the role played by the anti-neutrinos
in δCP measurements of T2K and identify the true combinations of hierarchy and
octant where anti-neutrino runs can be useful. Our work is important in the sense
that an early hint of the major unknowns of neutrino oscillations will be useful in
planning future facilities.
2 Degeneracies in Pµe
The T2K is a long-baseline experiment in Japan having a baseline of 295 km. The
expression of the appearance channel probability relevant for this baseline is given
by [3]
Pµe = 4s213s223
sin2( ˆA− 1)∆
( ˆA− 1)2 (1)
+2αs13 sin2θ12 sin2θ23 cos(∆ + δCP)×
sin ˆA∆
ˆA
sin( ˆA− 1)∆
ˆA− 1 +O(α
2) .
where si j ≡ sinθi j, α =∆21/∆31, ∆ =∆31L/4E , L is the baseline and E is the energy
of the neutrino. ˆA= 2
√
2EGFne/∆31, is the matter term with Fermi constant GF and
electron density ne. The determination of δCP in T2K suffers due to the presence of
degeneracies. This implies different sets of parameters giving equally good fit to
the data. In view of the large value θ13, at present two types of degeneracies are
important : (i) Hierarchy-δCP degeneracy: Pµe(δCP,∆) = Pµe(δ ′CP,−∆ ′) i.e., for a
given octant, probability for NH can be the same as probability for IH [4] and (ii)
Octant-δCP degeneracy : Pµe(θ LO23 ,δCP) = Pµe(θ HO23 ,δ ′CP) i.e., for a given hierarchy,
probability for LO can be the same as probability for HO [5]. The wrong hierarchy
and/or wrong octant solutions can occur for a value of δCP different than the true
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Fig. 1 δCP sensitivity of T2K neutrino run
value, which affects the CP sensitivity as well. For anti-neutrinos, the hierarchy-δCP
degeneracy behaves in the same way as that of neutrinos [6] but the nature of octant-
δCP degeneracy is different in anti-neutrinos as compared to neutrinos [7]. This can
be understood in the following way. For neutrinos (anti-neutrinos), Pµe is higher for
NH (IH) and lower for IH (NH). However the relative sign of δCP is also opposite for
neutrino and anti-neutrino probabilities. This causes the hierarchy-δCP degeneracy
to behave in the similar fashion for both neutrinos and anti-neutrinos. On the other
hand Pµe is lower for LO and higher for HO for both neutrinos and anti-neutrinos
and this makes the octant-δCP degeneracy to behave differently for neutrinos and
anti-neutrinos. This signifies that combination of neutrino and anti-neutrino channel
is important for removal of octant-δCP degeneracy but not for removal of hierarchy-
δCP degeneracy.
3 Results
We simulate T2K using the software GLoBES [8]. We consider a total T2K exposure
of 8× 1021 POT. In our analysis LO (HO) corresponds to θ23 = 39◦(51◦) and NH
(IH) corresponds to ∆31 =+2.4(−2.4)×10−3. In our figures we have calculated χ2
using the Poisson formula and plotted in the y axis.
3.1 Hint for hierarchy and octant
In Fig. 1 we have plotted the CP sensitivity of T2K for the true combinations of
NH-LO, NH-HO, IH-LO and IH-HO respectively. For each true combination we
have fitted δCP for all four possible combinations of test hierarchy and test octant.
In these panels we have considered pure neutrino runs of T2K and fixed the true
value of δCP at −90◦. From the top left panel of Fig. 1, we notice that if NH-LO is
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Fig. 2 δCP sensitivity of T2K for equal neutrino+anti-neutrino run (Total pot = 8×1021)
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Fig. 3 δCP discovery potential of T2K for various combinations of neutrino+anti-neutrino runs (in
units of 1021 pot)
the true combination, then a clear best-fit around δCP =−90◦ is not possible. In this
case we obtain three best-fits around −90◦, 0◦ and 135◦. The best-fit of δCP = 0◦,
and 135◦ arise due to the fake wrong octant solutions corresponding to test IH-HO
and NH-HO. Comparing all the four panels of Fig. 1, we observe that NH-HO
is the only true combination for which an unambiguous clear hint at δCP = −90◦
is possible. This is because for NH-HO, δCP = −90◦ correspond to the maximum
point in the neutrino probability. This high value can not be matched by any other
combination of hierarchy, octant and δCP to generate any degenerate solution. Thus,
from these arguments we understand that a hint for δCP = −90◦ by T2K neutrino
data would signify normal mass hierarchy and higher octant of θ23 by elimination
of the other options.
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3.2 Impact of anti-neutrino run
In Fig. 2 we have plotted the same figures as that of Fig. 1 but now we are consid-
ering equal neutrino and anti-neutrino runs for T2K. These panels depict the impact
of anti-neutrinos run in CP measurement of T2K. Comparing with Fig. 1, we see
that inclusion of anti-neutrinos disfavour the solutions that appear with the wrong
octant. But they do not have any effect on the solutions that come with the wrong
hierarchy. In this case we also see that the precision, with which other δCP values
except the true value can be disfavoured, reduces as compared to the full neutrino
run because of less statistics. The important conclusion that we draw from this fig-
ures is that in this case both NH-LO and NH-HO are capable of giving a clear hint
of δCP =−90◦.
3.3 Discovery of CP violation
CP violation (CPV) discovery potential of an experiment is defined by its capability
of differentiating a true value of δCP from the CP conserving values 0◦ and 180◦. To
see the effect of anti-neutrinos in CPV discovery, in Fig. 3 we present the CPV χ2
for different combinations of true hierarchy and octant by dividing the total expo-
sure into different combinations of neutrino and anti-neutrinos in units of 1021 POT.
From Fig. 3 we see that for NH-HO and IH-LO, pure neutrino runs of T2K give the
best result and addition of anti-neutrino worsen the sensitivity. On the other hand for
NH-LO and IH-HO, sensitivity is worst for pure neutrino and when anti-neutrinos
are added, sensitivity becomes better. For NH-LO the best sensitivity comes for 5+3
and for IH-HO the best sensitivity comes for 6+2. Here it is interesting to note that
for both the cases further addition of anti-neutrino data decreases the CP sensitivity.
From these observations it is quite clear that, the role of the anti-neutrinos is there-
fore to resolve the octant degeneracy where it is present. Once the χ2 minima shifts
to the right octant, the act of adding anti-neutrino does not help any more, rather it
reduces the sensitivity due to less statistics.
4 Conclusion
In this work we have studied the possibility of determining the neutrino mass hier-
archy and octant of θ23 if further runs of T2K confirm the hint of δCP = −90◦. We
have also studied the impact of anti-neutrinos in measuring δCP. We show that if the
recent T2K hint of δCP =−90◦ is established by the pure neutrino runs of T2K, then
in that case the true hierarchy and true octant are indicated as NH and HO. But on
the other hand if T2K plans to run in equal neutrino and anti-neutrino mode, then a
clear best fit of δCP = −90◦ requires the true hierarchy to be NH. But in this case
both LO and HO will be allowed. While analyzing the role of anti-neutrinos in this
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context we find that the main role of anti-neutrino is to remove the wrong octant so-
lution by breaking the octant-δCP degeneracy. For the true combination of hierarchy
and octant where this degeneracy is absent, addition of anti-neutrino over neutrino
causes a reduction in the CP sensitivity. These results are important for optimizing
the anti-neutrino runs of T2K.
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